The DNA damage signaling pathways mediated by the ataxia-telangiectasia mutated (ATM) and the ATM and Rad3-related (ATR) kinases play crucial roles in the maintenance of genomic integrity and may function as an anti-cancer barrier during early tumorigenesis. Although the ATM and ATR pathways share some of their downstream functions, the DNA damage that evoke these two pathways are distinct. While ATM plays a primary role in the response to double-stranded DNA breaks (DSBs), ATR controls the response to a much broader spectrum of DNA damage, including many that interfere with DNA replication. And, unlike ATM, ATR is crucial for maintaining genomic integrity during S phase of the cell cycle, and is indispensable for cell survival. Clearly, revealing the DNA structure that elicits the ATR pathway would be a critical step toward understanding the essential function of ATR and the genomic instability that it counters. The versatility of the ATR pathway in DNA damage response suggests that this pathway is likely able to sense a common signal generated by different types of DNA damage and genomic instability. Two simple structures commonly generated at sites of DNA repair and stressed DNA replication forks are single-stranded DNA coated with replication protein A (RPA-ssDNA) and junctions of single-and doublestranded DNA. Both of these structures have been implicated in the activation of ATR checkpoint by a number of studies using different model organisms. In this issue of Genes & Development, Cimprich and colleagues (MacDougall et al. 2007 ) report that circular singlestranded DNA (ssDNA) annealed with primers specifically triggers the ATR-mediated checkpoint responses in Xenopus egg extracts, revealing the first defined DNA structure sufficient to activate the ATR checkpoint pathway.
The DNA damage signaling pathways mediated by the ataxia-telangiectasia mutated (ATM) and the ATM and Rad3-related (ATR) kinases play crucial roles in the maintenance of genomic integrity and may function as an anti-cancer barrier during early tumorigenesis. Although the ATM and ATR pathways share some of their downstream functions, the DNA damage that evoke these two pathways are distinct. While ATM plays a primary role in the response to double-stranded DNA breaks (DSBs), ATR controls the response to a much broader spectrum of DNA damage, including many that interfere with DNA replication. And, unlike ATM, ATR is crucial for maintaining genomic integrity during S phase of the cell cycle, and is indispensable for cell survival. Clearly, revealing the DNA structure that elicits the ATR pathway would be a critical step toward understanding the essential function of ATR and the genomic instability that it counters. The versatility of the ATR pathway in DNA damage response suggests that this pathway is likely able to sense a common signal generated by different types of DNA damage and genomic instability. Two simple structures commonly generated at sites of DNA repair and stressed DNA replication forks are single-stranded DNA coated with replication protein A (RPA-ssDNA) and junctions of single-and doublestranded DNA. Both of these structures have been implicated in the activation of ATR checkpoint by a number of studies using different model organisms. In this issue of Genes & Development, Cimprich and colleagues (MacDougall et al. 2007 ) report that circular singlestranded DNA (ssDNA) annealed with primers specifically triggers the ATR-mediated checkpoint responses in Xenopus egg extracts, revealing the first defined DNA structure sufficient to activate the ATR checkpoint pathway.
Hints from yeast, Xenopus, and human
Studies using budding and fission yeast (Saccharomyces cerevisiae and Schizosaccharomyces pombe, respectively) have provided important clues to the DNA structures that activate the ATR checkpoint. Mec1, the S. cerevisiae homolog of ATR, is activated by DNA replication inhibitor hydroxyurea (HU), DNA-alkylating agent methyl methanesulfonate (MMS), ultraviolet light (UV), telomeric defects in the cdc13 mutant, and DSBs induced by the HO endonuclease. At both the telomeres in the cdc13 mutant and the HO-induced DSBs, ssDNA is generated through the action of 5Ј-to-3Ј exonucleases (Garvik et al. 1995; Lee et al. 1998) . Accompanying the formation of ssDNA, 3Ј ssDNA ends and 5Ј double/ single-stranded DNA (ds/ssDNA) junctions are also generated. It is not clear whether additional DNA structures are formed at these DNA damage sites. The ability of these two specific types of DNA damage to elicit the Mec1-mediated checkpoint indicates that ssDNA and/or ds/ssDNA junctions may be part of the checkpointactivating DNA structure.
DNA replication interference is also a major stimulus of the ATR checkpoint. In budding yeast, electron microscopy studies of stressed replication forks have revealed some of the DNA structures that may contribute to checkpoint activation. In undamaged cells, short ssDNA regions (∼220 nucleotides [nt]) were observed on one side of the replication forks (Sogo et al. 2002) . Upon HU treatment, the progression of replication forks was drastically reduced, and the size of ssDNA regions at the forks was increased by >100 nt. In the presence of UVinduced DNA lesions, ssDNA gaps were detected on both leading and lagging strands of the forks (Lopes et al. 2006) . The ssDNA gaps on the leading strand were remarkably long (up to 3 kb), and those on the lagging strand were shorter (<400 nt). The formation of long stretches of ssDNA on the leading strand suggests that synthesis of this strand was blocked by UV lesions, resulting in uncoupling of leading and lagging strand synthesis. Beside the ssDNA gaps at the forks, small ssDNA gaps (<400 nt) were also found far behind the forks on both strands. Taken together, these studies demonstrated that increased amounts of ssDNA were generated at or behind stressed replication forks. Furthermore, depending on the location of the ssDNA gaps, they can be flanked by 5Ј and/or 3Ј ds/ssDNA junctions.
In vitro studies using Xenopus egg extracts have also revealed important clues to the DNA structures that activate the ATR checkpoint. Addition of MMS-or UVtreated chromatin, or aphidicolin (an inhibitor of DNA polymerase ␣) to Xenopus egg extracts activates the ATR checkpoint in a DNA replication-dependent manner (Lupardus et al. 2002; Stokes et al. 2002) . Under these conditions, checkpoint activation relies on the initiation of DNA replication from the prereplication complex (pre-RC). Concomitant with checkpoint activation, increasing amounts of ssDNA-binding protein complex RPA and DNA polymerase ␣ (Pol ␣) are recruited onto chromatin (Michael et al. 2000; Lupardus et al. 2002) . The recruitment of RPA and Pol ␣ to chromatin, as well as checkpoint activation, require the uncoupling between MCM helicase and DNA polymearase (Pacek and Walter 2004; Byun et al. 2005) . Depletion of RPA from extracts prevents the loading of Pol ␣ to chromatin (Lee et al. 2003) . Depletion or complete inhibition of Pol ␣ also prevents checkpoint activation (Michael et al. 2000; You et al. 2002; Byun et al. 2005) . These findings are consistent with a model in which the generation of ds/ ssDNA junctions by Pol ␣ is required for checkpoint activation. Furthermore, chromatin treated with topoisomerase II inhibitor etoposide or Exo III can elicit the ATR checkpoint in a pre-RC-independent, but RPA-dependent manner (Costanzo et al. 2003) . These results imply that certain RPA-associated DNA intermediates, such as ssDNA gaps, are able to activate the ATR checkpoint.
In vitro characterizations of purified human, yeast, and Xenopus checkpoint proteins have brought us even closer to the identification of the ATR checkpoint-activating DNA structure. Purified human and yeast ATRIP, the regulatory partner of ATR, directly binds to RPAssDNA and targets the ATR-ATRIP complex to this damage-induced structure . Xenopus ATRIP also recognizes ssDNA in an RPA-dependent manner in extracts (Kim et al. 2005) . Two other important regulators of the ATR pathway, the replication factor C (RFC)-like Rad17 complex and the PCNA-like Rad9-Rad1-Hus1 (9-1-1) complex, recognize ds/ssDNA junctions (Bermudez et al. 2003; Ellison and Stillman 2003; Majka and Burgers 2003; . Through a mechanism resembling the loading of PCNA by RFC during DNA replication, the Rad17 complex recruits 9-1-1 complexes onto DNA structures with ds/ssDNA junctions in an RPA-stimulated manner (Ellison and Stillman 2003; Majka et al. 2006a) . Using biotinylated linear ssDNA annealed with primers, it was shown that the S. cerevisiae homolog of 9-1-1 complex, when loaded onto DNA, stimulated the kinase activity of Mec1 (Majka et al. 2006b ). Thus, it is likely that RPAssDNA and ds/ssDNA junctions are directly involved in the recruitment of ATR-ATRIP and its key regulators to sites of DNA damage, and are sufficient for stimulating the Mec1 kinase to some extent. Despite this strong evidence, whether ssDNA and ds/ssDNA junctions are sufficient to induce robust signaling through the ATR checkpoint pathway remained untested.
Defining the ATR checkpoint-activating DNA structure
An important step toward revealing the ATR checkpoint-activating DNA structure was the discovery that annealed poly(dA) 70 and poly(dT) 70 , but not (dA) 70 alone, can induce robust ATR-mediated DNA damage responses in Xenopus egg extracts (Kumagai and Dunphy 2000) . A hallmark of activated ATR pathway is the phosphorylation of Chk1, an effector kinase of ATR. Annealed (dA) 70 -(dT) 70 induces Chk1 phosphorylation in the absence of replication inhibitors or DNA-damaging agents, suggesting that the ATR checkpoint can be activated by synthetic DNA structures mimicking DNA replication or repair intermediates. The DNA structures formed by annealed (dA) 70 -(dT) 70 are heterogeneous. These structures include dsDNA with blunt ends, various partially single-stranded DNA structures, fork-like structures, cruciforms, and very likely long-branched molecules. As a result of this heterogeneity, (dA) 70 -(dT) 70 activates not only the ATR but also the ATM responses in extracts (Yoo et al. 2004) . Like the DNA damage or stressed replication forks embedded in chromatin, (dA) 70 -(dT) 70 recruits ATR-ATRIP in an RPA-dependent manner, and it induces Chk1 phosphorylation in an ATR-and ATRIP-dependent manner (Kumagai et al. 2004) . The ATR associated with (dA) 70 -(dT) 70 exhibited higher kinase activity than did that bound to ssDNA, indicating that ATR-ATRIP is stimulated on (dA) 70 -(dT) 70 (Kumagai et al. 2004 ). However, unlike chromatin, (dA) 70 -(dT) 70 can induce Chk1 phosphorylation even in RPA-depleted extracts where ATR-ATRIP cannot stably associate with DNA (Kim et al. 2005 ). The conserved coiled-coil domain of ATRIP, which is important for the localization of ATR-ATRIP to DNA damage and Chk1 phosphorylation in human cells Itakura et al. 2005) , is also dispensable for the Chk1 phosphorylation induced by (dA) 70 -(dT) 70 . Thus, it is clear that certain synthetic DNA structures formed by (dA) 70 and (dT) 70 are sufficient to activate the ATR checkpoint. However, what those structures are and whether they recapitulate the structures normally recognized in vivo is unknown. Furthermore, some of the regulatory mechanisms that normally operate on chromatin-localized DNA damage may not be fully recapitulated in this assay.
Is partially single-stranded DNA the structure in the heterogeneous (dA) 70 -(dT) 70 mixture that activates the ATR checkpoint? In an earlier study, it was shown that single-stranded M13 DNA annealed with primers did not induce a Chk1 mobility shift (indicative of Chk1 phosphorylation) in nucleoplasmic extracts (NPE) (Stokes et al. 2002) . Using a phospho-specific antibody against a particular ATR phosphorylation site of Chk1, Cimprich and colleagues (MacDougall et al. 2007 ) revisited this question. Surprisingly, they found that primed M13 ssDNA induced robust Chk1 phosphorylation in NPE. Furthermore, they showed that primed M13 ssDNA efficiently inhibited the replication of double-stranded plasmids in the same extracts, confirming the induction of a bona fide checkpoint response. The Chk1 phosphorylation induced by primed M13 ssDNA required the presence of free ds/ssDNA junctions but not de novo DNA synthesis. Ongoing DNA synthesis, although not essential, also contributed to Chk1 phosphorylation. Like DNA damage on chromatin, primed M13 ssDNA induced Chk1 phosphorylation through a mechanism dependent upon ATRIP as well as the other known regulators of the ATR pathway, including RPA, Rad1, TopBP1, and Claspin. Importantly, unlike (dA) 70 -(dT) 70 , primed M13 ssDNA activated the ATR but not the ATM pathway, providing a way to specifically analyze the ATR checkpoint in Xenopus extracts with a defined DNA structure.
Beside the DNA structures involved, the checkpoint assays using (dA) 70 -(dT) 70 and primed M13 ssDNA have several other differences (Kumagai and Dunphy 2000; MacDougall et al. 2007) . First, two different types of extracts were used. The (dA) 70 -(dT) 70 assay used interphase Xenopus egg extracts, whereas the primed M13 ssDNA assay used NPE. Second, the phosphorylation of Chk1 was analyzed differently. The (dA) 70 -(dT) 70 assay monitored the mobility shift of in vitro-translated Chk1 on protein gels, whereas the primed M13 ssDNA assay monitored the phosphorylation of endogenous Chk1 with a phospho-specific antibody. Third, tautomycin, a phosphatase inhibitor, is necessary for the detection of phosphorylated Chk1 in the (dA) 70 -(dT) 70 assay, but not in the primed M13 ssDNA assay. Inhibition of PP2A led to elevated levels of phosphorylated Chk1 in undamaged human cells (Leung-Pineda et al. 2006 ). Whether and how tautomycin affects signaling in extracts is unknown. Fourth, (dA) 70 -(dT) 70 was typically used at a higher concentration (50 µg/mL) than was primed M13 ssDNA (at little as 1-2 µg/mL). Since M13 ssDNA (>6400 bases) is much longer than (dA) 70 and (dT) 70 , on a molar basis, this represents up to 4500-fold more (dA) 70 and (dT) 70 molecules than primed M13 molecules. Interestingly, it is noticeable that primed M13 ssDNA, but not (dA) 70 -(dT) 70 , induced Chk1 phosphorylation in an RPA-dependent manner. As RPA is required for signaling in vivo and in chromatin-based in vitro assays (Costanzo et al. 2003; Wang and Qin 2003; Andreassen et al. 2004) , it raises the question as to whether certain physiological regulation of the ATR pathway is bypassed by high concentrations of (dA) 70 -(dT) 70 . Additional studies are needed to understand how the differences in the assay conditions affect the signaling of ATR pathway in Xenopus extracts.
The functions of ssDNA and ds/ssDNA junctions
How does primed M13 ssDNA activate the ATR checkpoint? Primed M13 ssDNA has three basic structural components: ssDNA, dsDNA, and ds/ssDNA junctions. Both ssDNA and ds/ssDNA junctions have been implicated in checkpoint activation, but whether dsDNA has a role separate from forming ds/ssDNA junctions is not known. Since primed M13 ssDNA activates the checkpoint in an RPA-dependent manner, the ssDNA region of primed M13 is probably coated by RPA in extracts and functions as RPA-ssDNA. RPA-ssDNA has several known roles in ATR checkpoint activation. The direct association between ATRIP and RPA-ssDNA enables ATR-ATRIP to recognize this damage-induced structure in vitro, and is required for the accumulation of ATR-ATRIP at sites of DNA damage in cells (Costanzo et al. 2003; Kumagai et al. 2004; Lucca et al. 2004; Nakada et al. 2004; Namiki and Zou 2006) . In addition to ATRIP, RPA may also interact with ATR in the ATR-ATRIP complex to stabilize its association with RPA-ssDNA (Nakada et al. 2005) . The recruitment of ATR-ATRIP to RPA-ssDNA may be involved in directing the ATR-ATRIP kinase to its substrates, stimulating its kinase activity, retaining the kinase at sites of DNA damage, amplifying DNA damage signals, or combinations of these functions. Like many other RPA-interacting proteins, ATRIP associates with RPA-ssDNA through multiple interactions (Namiki and Zou 2006) . One of the RPA-ssDNA-interacting domains of ATRIP was mapped to its N terminus Namiki and Zou 2006 ). This domain is important for the accumulation of ATR-ATRIP at sites of DNA damage, but not essential for Chk1 phosphorylation . How the other ATRIP-RPA-ssDNA interactions contribute to DNA damage signaling in cells remains to be determined. Like ATR-ATRIP, the Tipin-Timeless complex, which is required for the efficient phosphorylation of Chk1 by ATR-ATRIP, also interacts with RPAssDNA (Gotter et al. 2007; Unsal-Kacmaz et al. 2007 ). These findings suggest that part of the DNA damage signaling complex is assembled on RPA-ssDNA.
Although RPA-ssDNA is an important component of the checkpoint-activating structure, it is not sufficient to activate the checkpoint. In the presence of ds/ssDNA junctions, RPA-ssDNA plays two additional roles: It helps to recruit the Rad17 complex to damaged DNA, and it enables the Rad17 complex to load 9-1-1 complexes onto DNA (Ellison and Stillman 2003; ). An interesting finding by Cimprich and colleagues (MacDougall et al. 2007 ) is that 5Ј ds/ssDNA junctions activate the checkpoint more efficiently than 3Ј ds/ ssDNA junctions when replication is blocked by aphidicolin. This result raises at least three possibilities. First, the Rad17 complex recruits 9-1-1 complexes more efficiently to 5Ј ds/ssDNA junctions than to 3Ј ds/ssDNA junctions. This would be consistent with two in vitro studies; one using purified human Rad17 and 9-1-1 complexes (Ellison and Stillman 2003) , and the other using their yeast homologs (Majka et al. 2006a ). Second, the DNA polymerase inhibited by aphidicolin may prevent the Rad17 complex from recognizing 3Ј ds/ssDNA junctions. Third, the binding of Rad17 complex to 3Ј ds/ ssDNA junctions may be inhibited by other factors in the extract. For example, RFC, other RFC-like complexes, or various DNA polymerases may compete with the Rad17 complex for 3Ј ds/ssDNA junctions.
It is interesting to consider how 5Ј ds/ssDNA junctions are generated at stressed DNA replication forks. When DNA synthesis on the leading strand is hindered, replication may restart ahead of the blocked polymerase, leaving ssDNA gaps and 5Ј ds/ssDNA junctions behind the forks (Lopes et al. 2006) . If DNA synthesis on the lagging strand is interrupted, persistent ssDNA gaps and 5Ј ds/ssDNA junctions may be generated between Okazaki fragments. It should be noted that the Pol ␣-primase complexes at replication forks generate 5Ј RNA/DNA junctions instead of 5Ј ds/ssDNA junctions. When tested in the primed M13 assay, RNA primers were rapidly degraded in NPE and failed to activate the checkpoint. Thus, it remains to be determined whether the processing of 5Ј RNA/DNA junctions to 5Ј ds/ssDNA junctions is necessary for checkpoint activation at the forks. Nevertheless, the results by Cimprich and colleagues (MacDougall et al. 2007 ) demonstrate that 5Ј ds/ssDNA junctions or their derivatives, such as those generated at DSBs, can activate the checkpoint in the absence of an RNA component.
Cimprich and colleagues (MacDougall et al. 2007 ) also showed that 3Ј ds/ssDNA junctions, although less efficient than 5Ј junctions, activated the checkpoint to some extent in the absence of DNA synthesis. When present in the replicating state, 3Ј ds/ssDNA junctions elicited the checkpoint more efficiently. These findings suggest that 3Ј ds/ssDNA junctions also contribute to checkpoint activation, and that their function is influenced by the protein factors, DNA structures, and/or other dynamic changes associated with DNA synthesis. Consistent with this idea, a previous in vitro study showed that the Rad17 complex can function at both 5Ј and 3Ј ds/ ssDNA junctions . Together, these results imply that the 3Ј ds/ssDNA junctions on both the leading and lagging strands may contribute to checkpoint activation.
How is the ATR checkpoint activated when both ATR-ATRIP and 9-1-1 are recruited to primed M13 ssDNA? A recent biochemical study using purified yeast checkpoint complexes has provided a clue to this question. When loaded onto partially single-stranded DNA, the yeast homolog of 9-1-1 (Rad17-Mec3-Ddc1) enhanced the kinase activity of Mec1-Ddc2(ATR-ATRIP) (Majka et al. 2006b ). Whether human and Xenopus 9-1-1 complexes can stimulate ATR-ATRIP kinase is still unknown. Even if 9-1-1 stimulates ATR-ATRIP, it is not the only factor that can do so. Xenopus TopBP1, an important regulator of the ATR checkpoint, can also stimulate the kinase activity of ATR-ATRIP, even in the absence of any DNA (Hashimoto et al. 2006; Kumagai et al. 2006) . In budding yeast, the Ddc1(Rad9) protein, a component of the 9-1-1 homolog, binds to Dpb11, the TopBP1 ortholog (Wang and Elledge 2002) . In fission yeast, this interaction with Rad4(TopBP1) also occurs and was shown to be dependent upon a Rad3(ATR) phosphorylation site on Rad9. This interaction between Rad9 and Rad4(TopBP1) is required for checkpoint activation (Furuya et al. 2004) , raising the possibility that 9-1-1 may bring TopBP1 to ATR-ATRIP after ATR phosphorylation of Rad9. Whether this proposed mechanism operates in Xenopus extracts or human cells is unclear (St Onge et al. 2003; Lupardus and Cimprich 2006) . While 9-1-1 and TopBP1 are important regulators of the ATR-ATRIP kinase, they are not required for some of the early events during the DNA damage response. In both budding and fission yeast, neither 9-1-1 nor TopBP1 homologs are needed for the damage-induced phosphorylation of ATRIP homologs (Edwards et al. 1999; Paciotti et al. 2000) . In mammalian cells, the HU-induced phosphorylation of histone H2AX is ATR dependent, but 9-1-1 independent (Ward and Chen 2001) . Moreover, the damage-induced phosphorylation of Xenopus TopBP1 is required for TopBP1 to stimulate ATR-ATRIP, suggesting that TopBP1 functions to amplify DNA damage signals (Hashimoto et al. 2006) . How exactly the DNA damage signals are generated by the checkpoint proteins is still unclear, and the defined checkpoint-activating structures like primed M13 ssDNA will help to address this important question.
Quantitative control of DNA damage signals
If primed ssDNA is the basic structure that activates the ATR checkpoint, then how many of these structures are needed in cells to activate the checkpoint? Through a careful titration of primed M13 ssDNA in the checkpoint assay, Cimprich and colleagues (MacDougall et al. 2007 ) estimated that in each somatic cell nucleus 30 ds/ssDNA junctions are sufficient to induce detectable levels of Chk1 phosphorylation. However, the number of ds/ssDNA junctions is not the only factor that controls ATR signaling quantitatively. Using M13 ssDNA annealed with two biotinylated primers, Cimprich and colleagues (MacDougall et al. 2007) found that the length of ssDNA adjacent to ds/ssDNA junctions is another important determinant of the strength of DNA damage signals. Indeed, at HO-induced DSBs in yeast, the formation of long stretches of ssDNA is needed for robust phosphorylation of Rad53, an effector kinase of Mec1 (Vaze et al. 2002) . Given that primed M13 ssDNA activates the checkpoint in an RPA-dependent manner, it is plausible that the amounts of RPA-ssDNA adjacent to ds/ssDNA junctions determine how potent these junctions are for checkpoint activation. It is interesting to note that although unrepaired UV lesions induced long ssDNA at replication forks (Lopes et al. 2006) , the increase of ssDNA at each HU-stressed fork was relatively moderate (Sogo et al. 2002) . The ability of HU to efficiently activate the checkpoint may rely on the increase of ssDNA at a large number of stressed forks. Alternatively, there may be factors other than ssDNA that can regulate HUinduced signals quantitatively.
How is the length of RPA-ssDNA sensed by the checkpoint? Purified ATRIP is more efficiently recruited to long RPA-ssDNA compared with short RPA-ssDNA , suggesting that the ATR-ATRIP kinase itself may be a quantitative sensor of RPAssDNA. Consistent with this, the accumulation of Mec1 at HO-induced DSBs in yeast requires RPA as well as substantial amounts of ssDNA (Nakada et al. 2004 ). Interestingly, the yeast xrs2⌬exo1⌬ mutant defective in generating long ssDNA at the HO-induced DSBs was unable to efficiently recruit Mec1, but was able to recruit Ddc1 (a component of the yeast 9-1-1 homolog), to the DSBs (Nakada et al. 2004 ). These results suggest that the recruitment of 9-1-1, unlike that of ATR-ATRIP, is not regulated by RPA-ssDNA in a length-dependent manner. The RPA-ssDNA of primed M13 may function to enrich the ATR-ATRIP kinase on DNA, allowing it to be efficiently stimulated by regulators. Long RPAssDNA may also help to recruit regulators and substrates of ATR-ATRIP as well as downstream signaling proteins such as the Tipin-Timeless complex. The RPA-ssDNAmediated interactions among the checkpoint proteins may enable them to transmit and amplify signals efficiently.
A multistep model for ATR checkpoint activation
From the results of recent in vivo and in vitro studies, a multistep model for ATR checkpoint activation has emerged (Fig. 1) . The full activation of the ATR pathway requires not only the generation of initial DNA damage signals, but also the amplification of these signals. The regulatory mechanisms involved in the early steps of this pathway likely operate on DNA damageinduced structures such as primed ssDNA, whereas some of the signal amplifying mechanisms may operate off DNA.
At the beginning of the activation process is the generation of ssDNA and ds/ssDNA junctions at stressed replication forks and sites of DNA damage. Once coated by RPA, primed ssDNA recruits and enriches ATR-ATRIP, Rad17, and 9-1-1 complexes at these sites . Additional signaling proteins such as Tipin and Timeless may also be recruited by RPA-ssDNA. During this stage, ATRIP becomes phosphorylated by ATR even in the absence of Rad17 and 9-1-1. How the phosphorylation of ATRIP is regulated by DNA damage, and whether and how it contributes to signaling, are currently unknown (Itakura et al. 2004) . The colocalization of ATR-ATRIP, Rad17, and 9-1-1 complexes on damaged DNA may provide a mechanism to up-regulate the kinase activity of ATR-ATRIP and to bring about the phosphorylation of a subset of ATR substrates including Rad17 and Rad9. Phosphorylated Rad17 and Rad9 may function to recruit downstream signaling proteins such as Claspin and TopBP1 (St Onge et al. 2003; Wang et al. 2006) , both of which are also phosphorylated by ATR-ATRIP. Once phosphorylated, TopBP1 is transformed into a potent stimulator of ATR-ATRIP, and it may trigger a "forward-feeding" loop of signaling (Hashimoto et al. 2006; Kumagai et al. 2006) . The phosphorylation of Claspin, on the other hand, may enable it to facilitate the phosphorylation and activation of Chk1 through stable proteinprotein interaction Osborn and Elledge 2003; Zhao et al. 2003; Kumagai et al. 2004; Chini and Chen 2006; Yoo et al. 2006) . Although this model unifies many recent findings on the ATR checkpoint pathway, it may not represent a comprehensive understanding of the pathway. It should be emphasized that many of the regulatory mechanisms in this model may not operate in a simple linear fashion. Understanding how the different regulatory mechanisms of the ATR pathway operate in concert requires further investigations.
Beyond the minimal DNA structure for checkpoint activation
While many proteins involved in DNA damage signaling have been identified, in only a few cases has their regulation by DNA damage been even partially understood. The minimal DNA structure required for ATR check- Figure 1 . A simplified model for the activation of ATR checkpoint by primed ssDNA. RPA-coated ssDNA recruits ATR-ATRIP and facilitates the loading of 9-1-1 to ds/ssDNA junctions by the Rad17 complex. The 9-1-1 complexes on DNA may then stimulate the kinase activity of ATR-ATRIP, enabling it to phosphorylate substrates including Rad17 and Rad9. Phosphorylated Rad17 and Rad9 may facilitate the recruitment of Claspin and TopBP1, respectively, allowing them to be efficiently phosphorylated by ATR. Phosphorylated TopBP1 may further stimulate the kinase activity of ATR-ATRIP. The phosphorylation of Claspin by ATR may promote its interaction with Chk1, which facilitates the phosphorylation of Chk1 by ATR-ATRIP. point activation will facilitate the biochemical characterization of the checkpoint proteins, providing insights into how DNA damage signals are generated and transmitted by these proteins. In addition, as demonstrated by Cimprich and colleagues (MacDougall et al. 2007 ), the checkpoint assay that they developed can also be used to further characterize the DNA structures involved in DNA damage signaling. Even though primed ssDNA is sufficient to activate the ATR checkpoint, additional DNA structures and proteins at stressed replication forks or sites of DNA repair may provide further regulation on DNA damage signaling. It is interesting to point out that although many types of DNA damage can activate the ATR checkpoint, the signaling process evoked by these different types of DNA damage may be regulated differently. For instance, phosphorylation of Rad17 and Claspin plays different roles in response to different types of DNA damage (Wang et al. 2006; Yoo et al. 2006) . Moreover, the DSB-induced ATR signaling, but not that induced by replication stress, is regulated by ATM and Mre11 (Cuadrado et al. 2006; Jazayeri et al. 2006; Myers and Cortez 2006) . Together with in vivo approaches, the in vitro checkpoint assay described here may help us understand how the ATR pathway is regulated by different types of DNA damage.
As with other valuable in vitro assays, the checkpoint assay using primed M13 ssDNA may not recapitulate all the signaling mechanisms that operate in vivo. For example, chromatin modifications such as phosphorylation and methylation of histones are involved in the DSB-induced checkpoint signaling in humans and yeast. How primed ssDNA activates the ATR pathway in the context of chromatin remains to be tested. Furthermore, in addition to Chk1 phosphorylation and inhibition of DNA synthesis, the ATR pathway mediates many other types of local or cell-wide DNA damage responses in vivo, some of which may not be supported by primed M13 ssDNA. A comprehensive understanding of how the ATR pathway is regulated by DNA damage will require combined in vivo and in vitro approaches using multiple model organisms.
